To date, there is little information on the impact of more aggressive treatment regimen such as BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone) on the fertility of male patients with Hodgkin lymphoma (HL). We evaluated the impact of BEACOPP regimen on fertility status in 38 male patients with advanced-stage HL enrolled into trials of the German Hodgkin Study Group (GHSG). Before treatment, 6 (23%) patients had normozoospermia and 20 (77%) patients had dysspermia. After treatment, 34 (89%) patients had azoospermia, 4 (11%) had other dysspermia, and no patients had normozoospermia. There was no difference in azoospermia rate between patients treated with BEACOPP baseline and those given BEACOPP escalated (93% vs 87%, respectively; P > .999). After treatment, most of patients (93%) had abnormal values of follicle-stimulating hormone, whereas the number of patients with abnormal levels of testosterone and luteinizing hormone was less pro- 
Introduction
The prognosis of patients with Hodgkin lymphoma (HL) has improved substantially over the last decades. Depending on the stage of disease and risk factors, more than 80% of patients can be cured. [1] [2] [3] Since most patients with HL are young, with a mean age of 32 years, 4 long-term side effects of treatment increasingly skip scientific interest. Patients with HL are at higher risk for secondary malignancies such as acute myeloid leukemia, non-Hodgkin lymphoma, and solid tumors. [5] [6] [7] [8] [9] Other late effects include pulmonary and cardiac complications 10, 11 and infertility [12] [13] [14] Infertility after treatment particularly presents a high psychosocial burden for young patients. A recent report revealed that 51% of men with cancer expressed their wish to preserve their capacity for procreation in the future, including 77% of men who were still childless when their cancer was diagnosed. 15 Several studies have investigated the fertility status in male patients with HL. Chemotherapy regimens, which include alkylating agents such as cyclophosphamide and procarbazine, were particularly associated with infertility. 16, 17 Interestingly, most male patients with HL were shown to have inadequate sperm quality even before treatment. 18 The issue of female fertility among patients with HL after treatment with a new BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone) regimen was recently analyzed and showed that after a median follow-up of 3.2 years, 51.4% of women receiving 8 cycles of BEACOPP escalated had continuous amenorrhea. Amenorrhea was significantly more frequent after BEACOPP escalated compared with COPP/ABVD (cyclophosphamide, vincristine, procarbazine, prednisone, doxorubicin, bleomycin, vinblastine, and dacarbazine) or BEACOPP baseline (P ϭ .007). 13 To date, there is still very little information on the fertility of male patients with HL undergoing treatment with BEACOPP.
The present study investigates the impact of chemotherapy with BEACOPP on fertility status in male patients with advanced HL treated within prospectively randomized trials of the German Hodgkin Study Group (GHSG; see Document S1, available on the Blood website; see the Supplemental Materials link at the top of the online article). Fertility status was correlated with clinical and biological features at the time of diagnosis as well as with the treatment received.
Methods

Patient selection and study design
We evaluated male patients with HL who had completed fertility analysis after treatment with the BEACOPP regimen. All patients had a histologically confirmed first diagnosis of HL by the GHSG expert pathologists panel and were enrolled into the clinical trails HD9 (arms B and C) and HD12 (arms A, B, C, and D) between 1994 and 2002. The design of the 2 trials, including the treatment given is shown in Tables 1 and 2 . If not otherwise indicated, BEACOPP included all variants of schedule as BEACOPP baseline and BEACOPP escalated. Eligibility criteria at study entry included adequate organ function as defined by: a creatinine clearance greater than 60 mL/minute, serum transaminases less than 3 times that of normal, and bilirubin less than 2 mL/dL, left ventricular ejection fraction more than 0.45, forced expiratory volume in first-second or diffusion capacity of carbon monoxide greater than 60% of predicted, and a Karnofsky performance score higher than 60, as well as white blood cell (WBC) counts greater than 3.5 ϫ 10 9 /L (3500/L), hemoglobin level greater than 80 g/L (8.0 g/dL), and platelet counts greater than 100 ϫ 10 9 /L (100 000/L). In addition, a negative HIV test and absence of active infection were also required. For the fertility analysis, the age of patients was restricted to younger than 60 years. These studies were approved by the institutional review board of the University of Cologne. Informed consent was obtained in accordance with the Declaration of Helsinki. Patients whose fertility status was assessed after the end of the treatment had to be free of HL.
Semen analysis
The semen samples were evaluated for sperm volume, sperm count, sperm forward motility, and morphologic criteria of spermatozoa according to World Heath Organization (WHO) guidelines. 19 The nomenclature of pathologic patterns of ejaculate followed Eliasson's classification of dysspermia. 20 Conditions of disturbed sperm quality included oligozoospermia (ie, sperm concentration of 10 6 /mL to 20 ϫ 10 6 /mL), cryptozoospermia (ie, sperm concentration less than 10 6 /mL), asthenozoospermia (ie, sperm with forward motility of less than 50%) and theratozoospermia (ie, sperm with normal morphology of less than 30%). Combined severe damages were defined as OAT syndrome (disturbance of all 3 variables), or azoospermia (ie, the complete absence of spermatozoa in ejaculate). Before the collection of sperm samples, all patients underwent a physical examination in order to evaluate testicular volume, the presence of varicocele, a history of cryptorchidism, or inflammation of the seminal tract.
Hormone analysis
Follicle-stimulating hormone (FSH), luteinizing hormone (LH), and testosterone were measured by commercial radioimmune assays (RIAs). Normal laboratory ranges are as follows: FSH, 1 to 7 U/L; LH, 2 to 10 U/L; and testosterone, 3.5 to 8.6 g/L.
Statistical analysis
Demographics and disease characteristics were summarized using descriptive statistics. Fisher exact test, Wilcoxon rank-sum test, and signed-rank test were used to investigate differences on proportions and means, respectively. Relations between the different variables and fertility status were evaluated by logistic regression analysis. Variables tested were age, clinical stage, elevated erythrocyte sedimentation rate, B symptoms, large mediastinal mass, extranodal disease and 3 or more lymph nodes. Statistical analysis was performed with SAS Version 9.1 (SAS Institute, Cary, NC).
Results
Patient characteristics
The fertility status was available in 38 patients; 33 patients were treated within the HD9 study and 5 were treated within the HD12 study. There were 593 male patients younger than 60 years in the HD9 trial (arms B and C) and 953 patients younger than 60 years in the HD12 trial. The very small number of evaluated patients with fertility status reflects the difficulties in recruitment of patients for sperm assessment; however, this analysis is still the most comprehensive in terms of patient treated with BEACOPP. The median age was 26 years (range, 16-41 years); most patients were in clinical stage III (22 patients; 58%), followed by the group of patients in stage II B with risk factors (large mediastinal mass, extranodal disease; 11 patients; 29%) and patients in stage IV (5 patients; 13%). There was no significant difference between the group treated with BEACOPP baseline and BEACOPP escalated in terms of patient characteristics (Table 3) . A total of 23 (61%) patients were given 8 cycles of BEACOPP escalated (including 2 patients treated with 4 cycles of BEACOPP escalated followed by 4 cycles of BEACOPP baseline), and 15 (39%) patients received 8 cycles of BEACOPP baseline. A total of 32 (84%) patients received radiotherapy after chemotherapy, with 3 patients receiving infradiaphragmal radiation. Among the patients treated with infradiaphragmal radiotherapy, the radiation field included spleen (40 Gy), spleen hilus (40 Gy), and para-aortal nodes (40 Gy) in 1 patient. In the second patient, iliac nodes (right), inguinal nodes (right), and femoral nodes (right) were irradiated with 20 Gy each. The third patient received radiation on the spleen (39 Gy), spleen hilus (39 Gy), para-aortal nodes (39 Gy), and iliac nodes on both sides (39 Gy).
Semen analysis
From 38 patients enrolled in this study, 26 patients were examined before and after treatment, and 12 patients were examined after treatment only. Using logistic regression analysis, we observed no significant influence of the pretreatment fertility status on the posttreatment fertility status (n ϭ 26; P ϭ .659). Therefore, we decided to perform the further evaluation on all 38 patients. For personal use only. on April 18, 2017. by guest www.bloodjournal.org From Of the 38 patients analyzed after treatment, 25 (66%) patients were analyzed once, 11 (29%) were analyzed twice, and 2 (5%) patients had multiple analyses. The median sperm concentration was 0.0 ϫ 10 6 /mL (mean, 0.9 ϫ 10 6 /mL; range, 0.0-32.4 ϫ 10 6 /mL). Most patients (34; 89%) had azoospermia, with 4 (11%) patients having other forms of dysspermia. No normal sperm status was found in any of the patients (Table 4) .
Among the 4 patients with recovery of spermatogenesis, 2 had cryptozoospermia; 1 patient had asthenozoospermia and 1 patient had oligozoospermia. The median time to recovery was 3.6 years (range, 1.5-6.7 years). All 4 patients had azoospermia in the first fertility assessment performed after treatment. The patients recovered 1.5, 2.5, 4.7, and 6.7 years after the end of therapy, respectively. Sperm analysis before treatment was available in 3 of 4 patients; 1 had azoospermia, 1 had OAT, and 1 had oligoasthenozoospermia. Improvement of the fertility status after treatment as compared with the status before treatment was observed in 2 patients. In 1 patient, the sperm count was 0.0 ϫ 10 6 and 0.1 ϫ 10 6 before and after treatment, respectively; in the second patient, sperm count was 19.7 ϫ 10 6 and 32.4 ϫ 10 6 before and after treatment, respectively. There was no significant difference in age between patients with azoospermia (median age, 26 years; range, 16-41 years) and those without (median age, 23 years; range, 22-37 years; P Ͼ .999, Wilcoxon rank-sum test).
Importantly, there was no statistically significant difference in fertility status between the group of patients treated with 8 cycles of BEACOPP baseline and those treated with 8 cycles of BEACOPP escalated; the infertility rate was 93% and 87%, respectively (P Ͼ .999; Fisher exact test). Regarding the influence of radiotherapy on fertility status, the infertility rate was 100% among patients treated with chemotherapy alone and 87.5% among the patients treated with combined modality. All 3 patients who received infradiaphragmal radiotherapy had azoospermia after treatment.
With regard to the pretreatment and posttreatment sperm analysis available for 26 patients, the median sperm concentration before therapy was 21.2 ϫ 10 6 /mL (mean, 38.3 ϫ 10 6 /mL; range, 0.0-151.0 ϫ 10 6 /mL). Normal sperm analysis was found in 6 (23%) of 26 patients. Azoospermia was observed in 2 (8%) patients and other dysspermia was observed in 18 (70%) patients. After treatment, the median sperm concentration was 0 ϫ 10 6 /mL (mean, 1.29 ϫ 10 6 /mL; range, 0.0-32.4 ϫ 10 6 /mL); 23 (88%) patients had azoospermia and 3 (12%) patients had other forms of dysspermia. None of the patients had normozoospermia. The difference in sperm quality before and after treatment among the 26 patients was statistically significant (P Ͻ .001; signed-rank test).
Hormonal analysis
Availability of hormone serum levels prior to treatment was as follows: FSH, 18 patients; LH and testosterone, 17 patients. The median serum levels were FSH, 4.3 U/L (mean, 4.4 U/L; range, 1.9-7.0 U/L); LH, 3.2 U/L (mean, 4.1 U/L; range, 1.5-7.8 U/L); and testosterone, 5.3 g/L (mean, 7.5 g/L; range, 1.2-19.0 g/L). Abnormal levels for FSH, LH, and testosterone (for the normal values, see Table 5 ) were found in 0%, 6%, and 41% of patients, respectively.
After treatment, serum levels were available from 15 patients for FSH, as well as from 14 patients for LH and for testosterone. The median levels were FSH, 17.4 U/L (mean, 16.9 U/L; range, 6.9-25.5 U/L); LH, 6.15 U/L (mean, 6.8 U/L; range, 1.8-24.9 U/L); and testosterone, 3.61 g/L (mean, 4.3 g/L; range, 2.3-10.8 g/L). Most patients (93%) had abnormal FSH values after treatment. Regarding testosterone and LH levels, the number of patients with abnormal levels after treatment was less pronounced (57% and 21%, respectively). There was a significant difference between the pre-and posttreatment median level of FSH (P ϭ .008; signed-rank test), but not for LH and testosterone (P ϭ .203 and P ϭ .844, respectively; signed-rank test). The results of available FSH, LH, and testosterone serum levels before and after treatment are presented in Table 5 .
There was no significant difference in median FSH, LH, and testosterone serum levels between patients treated with BEACOPP baseline and those given BEACOPP escalated (P Ͼ .999; Wilcoxon rank-sum test). Moreover, we were unable to find a For personal use only. on April 18, 2017 . by guest www.bloodjournal.org From statistically significant relationship between hormone levels (FSH, LH, and testosterone) after treatment and fertility status (P Ͼ .999; logistic regression).
Predictive factors
None of the tested predictive factors was statistically significant for azoospermia in univariate and multivariate analysis: age (P ϭ .871), clinical stage (P ϭ .758), elevated erythrocyte sedimentation rate (P ϭ .911), B symptoms (P ϭ .568), large mediastinal mass (P ϭ .651), extranodal disease (P ϭ .969), and 3 or more lymph nodes (P ϭ .961).
Discussion
These are the most relevant findings from present study: (1) the majority of patients with advanced-stage HL become azoospermic after treatment with 8 cycles of BEACOPP; (2) there was no difference in the azoospermia rate between patients treated with 8 cycles of BEACOPP baseline and those given 8 cycles of BEACOPP escalated; (3) most patients with advanced HL stages have inadequate semen quality prior to treatment; (4) FSH levels were elevated in most patients after treatment but did not correlate with fertility status in the present analysis, which is most probably related to the low number of patients. This is the most comprehensive analysis for HL to date in patients treated with BEACOPP, a new effective regimen particularly in advanced stages of disease. BEACOPP can induce high overall and long-lasting response rates in patients with advancedstage HL. 2 As nearly all chemotherapeutic regimens induce a variety of side effects, it is important to assess different aspects of toxicity associated with BEACOPP. We recently reported the incidence of non-HL, secondary leukemias, solid tumors, and the impact of treatment on female fertility in patients with HL. 5, 6, 13, 21 Since data on male fertility after BEACOPP were missing, the present study was eagerly awaited. We observed testicular dysfunction in most of our patients after treatment with BEACOPP, with 89% (34 of 38) being azoospermic. Of the remaining 4 patients, 2 had severe damages in spermatogenesis. Interestingly, there was no difference in testicular function between patients receiving 8 cycles of BEACOPP baseline compared with those treated with 8 cycles of BEACOPP escalated (93% vs 87%, respectively; P Ͼ .999). As these 2 regimens differ in the dose of cyclophosphamide (650 mg/m 2 vs 1250 mg/m 2 ), doxorubicin (25 mg/m 2 vs 35 mg/m 2 ), and etoposide (100 mg/m 2 vs 200 mg/m 2 ), these data suggest that higher doses of these drugs do not have an additional negative effect on male fertility, although the number of patients is low. Furthermore, the fertility rates reported in this study do not differ significantly from those reported after regimens such as MOPP/ ABVD (mechlorethamine, vincristine, procarbazine, prednisone, doxorubicin, bleomycin, vinblastine, dacarbazine; 87%), COPP/ ABVD (86%), and ChIVPP/EVA (chlorambucil, vinblastine, prednisolone, procarbazine, doxorubicin, vincristine, etoposide; 95%). [22] [23] [24] Our data from 10 patients with advanced HL treated with 8 cycles of COPP/ABVD show 90% of patients with azoospermia after treatment. Similar rates of azoospermia after treatment were also reported with older regimens such as MVPP (mechlorethamine, vinblastine, procarbazine, and prednisone; 88%; 36 of 41 patients), MOPP (86%; 25 of 29 patients), and COPP (100%; 19 of 19 patients). 16, 25, 26 There are some indications that fertility is more often preserved with MOPP/ABVD compared with MOPP. 27 The cumulative dose of the cytostatic drugs given seems to be one of the key determinants. The study of da Cunha et al assessing MOPP-induced gonadotoxicity showed that azoospermia was significantly higher after more than 3 cycles of MOPP compared with gonadotoxicity observed after less than 3 cycles of treatment (91% vs 14%, respectively). 28 Another factor reported to affect fertility in patients with HL is the inclusion of alkylating agents in the treatment regimens. 17, 26 After therapy with ABVD, one of the most often used regimens in the treatment of HL, azoospermia was observed in 0% to 4% of patients. 17, 26 In addition, infradiaphragmal radiation has been reported to affect male fertility. 28 Da Cuhna et al documented more infertility among patients with HL after treatment with MOPP who had pelvic radiotherapy compared with those who did not receive pelvic radiotherapy. 28 Further, Dubaey et al described the differences in fertility between patients having different infradiaphragmal radiation fields. 29 In the present study, all 3 patients who received For personal use only. on April 18, 2017 . by guest www.bloodjournal.org From infradiaphragmal radiotherapy had persistent azoospermia despite not having received radiotherapy to the testis. However, due to the very small number of cases we were unable to make valid conclusion.
Most patients in our study had inadequate semen quality before treatment, with 8% having azoospermia and 70% having other forms of dysspermia. Normozoospermia was observed only in 23% of patients. Similar results were reported in other studies. 12, 14, 18, 26 The underlying mechanism of infertility in patients with HL before treatment is still unknown. Suspected factors include damage in the germinal epithelium, disturbances in the hypothalamichypophysial axis, and the impact of the disease-related cytokines on spermatogenesis. 18, [30] [31] [32] We could confirm that in our series the semen characteristics before treatment do not seem to be predictive for the recovery of testicular function, as reported by others. 14, 24 Interestingly, we also observed improvement of sperm quality after treatment in 2 patients.
Serum levels of FSH, LH, and testosterone before treatment were normal in most patients and did not correlate with sperm quality as shown in previous studies. 18, 33 The FSH levels after treatment were elevated in most patients (93%), while increased levels of testosterone and LH after treatment were observed in fewer patients (57% and 21%, respectively). The median posttreatment FSH level was significantly higher compared with the median pretreatment value. No significant difference was observed in the median LH and testosterone values tested before and after treatment. Similar results have been reported elsewhere 17, 22, 24 and confirm the hypothesis that spermatogonia are sensitive to chemotherapy, whereas Sertoli and Leyding cells are more resistant. 16, 34 Since increased FSH serum levels have been associated with germinal epithelial damage, our findings support the hypothesis that male infertility after treatment is at least in part due to germinal epithelial damage. 22, 26 Although FSH levels were elevated after treatment, there was no statistically significant correlation between FSH levels and fertility status, probably due to the small number of patients in our cohort. Similar findings have been reported by Viviani et al. 24 Using a larger group of patients with HL treated with different regimens, we observed a significant correlation between FSH levels and fertility status. 35 A significant association between FSH levels and male fertility status has also been observed by others. 16 Thus, FSH levels after treatment may be of predictive significance for fertility in patients with HL.
We were not able to detect significant risk factors for azoospermia after treatment, which was at least in part related to the small number of evaluated patients. Rovo et al assessed spermatogenesis in long-term survivors after allogenic stem cell transplantation using multivariate Cox regression analysis and reported that age older than 25 years at the time of transplantation and conditioning regimen using total body irradiation (TBI) were significantly associated with low probability for spermatogenesis. 36 The question is whether incomplete sperm production such as oligozoospermia or other forms of dysspermia are of clinical relevance. This might indeed be the case, as patients with severe oligozoospermia have been reported to father healthy children. 37 Moreover, reduced fertility after chemotherapy can be compensated for by improved assisted reproduction techniques. 38 Another very important aspect in the judgement of fertility of male patients after curative chemotherapy is the fact that even patients who were azoospermic for more than 4 years can still recover as observed in 2 patients in our series and by others. 36 Nevertheless, fertility status can be assessed by analyzing FSH and possibly inhibin B 39 serum levels. It is advisable that such analyses should also be performed as means of fertility screening in future HL trials.
In conclusion, we demonstrated that 8 cycles of BEACOPP induce sterility in most male patients with advanced-stage HL. Since recovery was observed in selected patients, longer follow-up and monitoring of FSH levels is required in these patients.
